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ABSTRACT 

A 1000-f t  h y p e r v e l o c i t y  r a n g e  was  u s e d  to obta in  the f r e e - f l i g h t  
s t a t i c  and d y n a m i c  s t a b i l i t y  and d r a g  da ta  p r e s e n t e d  fo r  a 10-deg  s e m i -  
ang le  cone .  M e a s u r e m e n t s  i nd i ca t e  tha t  the  d a m p i n g - i n - p i t c h  d e r i v a -  
t i v e s  fo r  the cone i n c r e a s e  a p p r e c i a b l y  wi th  i n c r e a s i n g  Mach  n u m b e r  
b e t w e e n  M = 8 and 16 at a R e y n o l d s  n u m b e r  (based  on m o d e l  l e n g t h  and 
f r e e - s t r e a m  condi t ions )  of about  0 . 4  x 106. F u r t h e r ,  Cm~ fo r  the  cone 
d e c r e a s e s  s i g n i f i c a n t l y  as  the n o s e - r a d i u s  to b a s e - r a d i u s  r a t i o  of the  
cone i s  i n c r e a s e d  up to 0 .1  fo r  a m p l i t u d e s  g r e a t e r  than  about  5 deg. 
C o m p a r i s o n s  of the  r a n g e  s t a b i l i t y  da ta  wi th  wind tunne l  da ta  ( invo lv ing  
s t i n g - s u p p o r t e d  m o d e l s )  ob ta ined  in d i f f e r e n t  t e s t  f a c i l i t i e s  i n d i c a t e  tha t  
a p p r e c i a b l e  d i f f e r e n c e s  in Cm~ and (Cmq + Cm~) e x i s t  in s o m e  c a s e s .  
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SECTION I 
INTRODUCT ION 

Aerodynamic  c h a r a c t e r i s t i c s  of s l e n d e r  cones have r e c e i v e d  a con-  
s i de rab l e  amount  of a t tent ion  f rom va r ious  i nves t i ga to r s  in r e c e n t  y e a r s ;  
however ,  only a v e r y  l i m i t e d  amount of expe r imen t a l  s t ab i l i ty  da ta  fo r  
cones at high Mach number s  has  been publ ished.  Concern  has  ex is ted  
r ega rd ing  some of these  s tab i l i ty  m e a s u r e m e n t s  made  in the past  because  
of apparen t  i ncons i s t enc i e s  in the t e s t  r e s u l t s  {see, fo r  example ,  the 
comment s  of Hobbs in Ref. 1). Concern  has  a l so  ex is ted  r e g a r d i n g  an 
apparent  s tab i l i ty  p rob l em detec ted  in p rev ious  cone tes t ing ,  spec i f i ca l ly ,  
damping de r iva t i ve s  dec rea s ing  to nea r  z e r o  with i n c r e a s i n g  Mach num-  
be r s ,  as has been obse rved  in wind tunnel  t e s t s  of a 10-deg s emiang l e  
cone at Mach number s  between 10 and 20. 

In cons ide ra t i on  of the f a c to r s  noted in the above commen t s ,  it was 
fel t  that  some  f r e e - f l i g h t  s t ab i l i ty  m e a s u r e m e n t s  fo r  cones could be of 
p a r t i c u l a r  s ign i f icance .  Hence,  a s e r i e s  of f r e e - f l i g h t  t e s t s  has  been  
made  in which the ae rodynamic  c h a r a c t e r i s t i c s  of a 10-deg s emiang le  
cone have been inves t iga ted  at Mach number s  f r o m  6 to 15 fo r  Reynolds  
number s ,  based  on model  lengths  and f r e e - s t r e a m  condi t ions ,  f r o m  
0.2 x 106 to 11 x 106. The t e s t s  were  conducted in the yon K~rm~n Gas 
Dynamics  Fac i l i t y  CVKF)0 Arnold  Eng inee r ing  Development  Cen te r  
(AEDC) 1000-ft Hyperve loc i ty  Range G. 

The purpose  of th is  r e p o r t  is to p r e sen t  the r e s u l t s  of th is  i nves t i ga -  
t ion,  including both s tab i l i ty  and drag  data.  F u r t h e r ,  the r ange  s t ab i l i t y  
d e r i v a t i v e s  a r e  compared  with ana ly t i ca l ly  p red ic t ed  values  and with 
wind tunnel  data obtained in d i f fe rent  f ac i l i t i e s .  

SECTION II 
APPARATUS 

2.1 RANGE 

The VKF Range G cons i s t s  of a 10- f t -d iam,  1000-f t - long tank con- 
ta ined within an underground  tunnel  (see Fig.  1). It is a v a r i a b l e  dens i ty  
a e rodynamic  range  and has an 840-ft  i n s t r u m e n t e d  length  that  inc ludes  
43 equal ly  spaced,  dua l -p lane  shadowgraph s ta t ions .  The shadowgraph  
s y s t e m  p e r m i t s  de t e rmin ing  the angula r  o r i en ta t ion  and pos i t ion  of m o s t  
t e s t  conf igura t ions  to within app rox ima te ly  +0.25 deg and ±0. 002 ft, 
r e s p e c t i v e l y ,  at each s ta t ion .  A ch ronograph  s y s t e m  m e a s u r e s  i n t e r v a l s  
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of f l i gh t  t i m e  to wi th in  i 2  x 10 -7 s ec .  The  r a n g e  v a c u u m  pumping  s y s t e m  
p r o v i d e s  r a n g e  p r e s s u r e s  f r o m  one a t m o s p h e r e  down to about  15 pr ig .  
T h e  15-pI-Ig p r e s s u r e  l e v e l  c o r r e s p o n d s  to an  e q u i v a l e n t  a l t i t ude  of a p p r o x i -  
m a t e l y  250 ,000  ft .  The  n o m i n a l  o p e r a t i n g  t e m p e r a t u r e  of the  r a n g e  is  
76°F. The  l a u n c h e r  n o r m a l l y  u s e d  wi th  the  r a n g e  i s  a t w o - s t a g e ,  l i g h t -  
g a s  gun h a v i n g  a 2 . 5 - i n .  - d i a m  l a u n c h  tube .  

2.2 MODELS AND SABOTS 

The  c o n f i g u r a t i o n  i n v e s t i g a t e d  was  a 10-deg  s e m i a n g l e  cone ,  and the  
m o d e l s  u s e d  had  a n o m i n a l  b a s e  d i a m e t e r  of e i t h e r  1 or  1 .75  in. and a 
d e s i g n e d  n o s e - t o - b a s e - r a d i n s  r a t i o  (RN/R  B) of e i t h e r  0 . 0 3 5  or  0 . 0 7 .  
The  m o d e l s  w e r e  c o n s t r u c t e d  b a s i c a l l y  of e i t h e r  a l u m i n u m  or  s t e e l ;  how-  
e v e r ,  m o d e l s  d e s i g n e d  fo r  t e s t i n g  at  the  h i g h e r  h e a t i n g  cond i t ions  w e r e  
equ ipped  wi th  c o p p e r  n o s e  t ips .  

The  s a b o t s  u s e d  in  the  t e s t  p r o g r a m  w e r e  of a conven t iona l  f o u r -  
c o m p o n e n t  d e s i g n  and w e r e  a e r o d y n a m i c a l l y  s e p a r a t e d  f r o m  the  m o d e l s  
in  the  M a s t  t ank  p o r t i o n  of the  r a n g e .  All  m o d e l s  w e r e  l a u n c h e d  in an  
uncan t ed  o r i e n t a t i o n  r e l a t i v e  to the  sabo t ,  and the  i n i t i a l  a n g u l a r  d i s -  
t u r b a n c e s  to the  m o d e l s  w e r e  t h o s e  a r i s i n g  f r o m  m u z z l e  e f f e c t s  and 
f r o m  the m o d e l - s a b o t  s e p a r a t i o n  p r o c e s s .  

SECTION III 
DATA REDUCTION 

3.1 GENERAL COMMENTS 

The b a s i c  da t a  r e d u c t i o n  p r o c e d u r e s  a s s o c i a t e d  wi th  a e r o b a l l i s t i c  
r a n g e  t e s t i n g  a r e  d i s c u s s e d  in  v a r i o u s  r e p o r t s ,  f o r  e x a m p l e  Re f s .  2 
t h r o u g h  4. A d i s c u s s i o n  of the  e f f e c t s  of s m a l l  r o l l  r a t e s  on the  y a w i n g  
m o t i o n  of s t a t i c a l l y  s t a b l e  bod ie s  and the l i m i t a t i o n s  a s s o c i a t e d  wi th  
c e r t a i n  s i m p l i f i e d  da ta  a n a l y s i s  p r o c e d u r e s  can  be found in Ref.  5. In 
the  p r e s e n t  t e s t  p r o g r a m ,  the a e r o d y n a m i c  da t a  w e r e  r e d u c e d  f r o m  the 
m e a s u r e d  p o s i t i o n - a t t i t u d e - t i m e  h i s t o r i e s  of the  f r e e - f l i g h t  m o d e l s  u s i n g  
b a s i c  r a n g e  t e c h n i q u e s  wh ich  invo lved  the fo l lowing  c o m p u t e r  p r o g r a m s .  

3.2 DRAG PROGRAM 

The drag coefficient, C D, is obtained from the relation 

C D = - (2m/p S ~") (dV/dx) (i) 

2 



A EDC-TR-69.63 

where  dV/dx  is the m e a n  s lope of the curve  of model  ve loc i ty  as a funct ion  
of d i s t ance  t r a v e l e d ,  and V is  the m e a n  model  ve loc i ty  dur ing  the i n t e r va l  
of the f l ight  t r a j e c t o r y  being examined .  The ve loc i ty  da ta  used  a r e  the 
ave r age  ve loc i t i e s  be tween consecut ive  s t a t ions  as obtained f r o m  the 
m e a s u r e d  p o s i t i o n - t i m e  h i s t o r y  of the model .  The t e r m  dV/dx  is  obtained 
by f i t t ing  a l i n e a r  equat ion to the v e l o c i t y - d i s t a n c e  data  by m e a n s  of a 
l e a s t  s q u a r e s  p rocedu re .  Equat ion  (1) is based  on the a s s u m p t i o n  that  
C D is cons tant  dur ing  the Right  i n t e rva l  of conce rn  and has  been found to 
provide  quite  adequate  r e s u l t s  when the total  ve loc i ty  drop dur ing  the 
f l ight  i n t e rva l  i s  l e s s  than  about f ive pe rcen t  of the in i t i a l  ve loc i ty .  Since 
the angle of a t tack  of a model ,  in gene ra l ,  wil l  v a r y  along the t r a j e c t o r y ,  
the d rag  coeff ic ient  obtained by th is  p rocedu re  c o r r e s p o n d s  to the m e a n  
tota l  angle  of a t tack  expe r i enced  by the model .  This  m e a n  angle of 
a t tack is def ined by the r e l a t i o n  

L2 

~-= [~/(L, - L,)]J" ~ d~ (2) 
Lt 

where  L 2 - L 1 is the l eng th  of the f l ight  i n t e r v a l  over  which CD is 
computed.  

The m e a n  d rag  coeff ic ient  obtained f r o m  Eq. 
ze ro  yaw angle with use  of the r e l a t i o n s h i p  

m 

CD = CDo + ko 8 a 

(1) can be ad jus ted  to 

(3) 

In the p r e s e n t  t e s t s ,  va lues  used  fo r  ko were  obtained f r o m  the plot 
of ko as  a funct ion of Mach number  shown in Fig .  2. The ko v a r i a t i o n  
of Fig .  2 was obtained by f a i r i n g  a curve  th rough  ko va lues  d e t e r m i n e d  
at four  d i f fe ren t  nomina l  Mach n u m b e r s .  The ko value at each  nomina l  
Mach number  was eva lua ted  f r o m  plots  of d i f fe ren t  shots  n e a r  tha t  Mach 
n u m b e r  but having d i f fe ren t  va lues  of 6 -~r. No apprec i ab le  effect  of 
Reynolds  number  on ko was de tec ted  in the p r e s e n t  data. 

3.3 YAW PROGRAM 

The s t a t i c - s t a b i l i t y  de r iva t ive  and the to ta l  damping p a r a m e t e r  were  
eva lua ted  in an a n a l y s i s  of the angula r  mot ion  of the model  with the  fo l low-  
ing equation:  

~-- K~ exp[(/zt + kb~)x] + K2 exp [(/.q + i(~)x] + K~exp (ipx) (4)  

Equat ion  (4), def ining t r i c y c l i c  motion,  is the so lu t ion  of the l i n e a r  dif-  
f e r e n t i a l  equat ion (Ref. 4) for  gene ra l  ro l l ing ,  yawing model  mot ion .  
The equat ion c o r r e s p o n d s  to a r i gh t -hand ,  nonro l l ing  body axis  s y s t e m ,  
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and i t s  u se  i s  r e s t r i c t e d  to  m o d e l s  hav ing  only  s l i g h t  c o n f i g u r a t i o n a l  a s y m -  
m e t r i e s ,  n e a r  l i n e a r  v a r i a t i o n s  of f o r c e  and m o m e n t  wi th  y a w  ang le ,  and 
s m a l l  c h a n g e s  in  p. E q u a t i o n  (4) i s  f i t t ed  to the  m e a s u r e d  c o m p o n e n t s  of 
the  c o m p l e x  y a w  ang le  as  f u n c t i o n s  of d i s t a n c e  t r a v e l e d ,  u s ing  a d i f f e r -  
en t i a l  c o r r e c t i o n s  p r o c e d u r e .  T h e r e  a r e  t en  equa t ion  c o n s t a n t s  to  be  
d e t e r m i n e d  in  f i t t i ng  Eq.  (4). The  K ' s ,  in  g e n e r a l ,  a r e  c o m p l e x  n u m -  

• / 

b e t s ;  h o w e v e r ,  p can  be e x p r e s s e d  as  a func t i on  of ¢1 and $2" The  
d e s i r e d  s t a b i l i t y  p a r a m e t e r s  can  be e x p r e s s e d  in  t e r m s  of the  d e t e r m i n e d  
equa t ion  c o n s t a n t s  by  the  fo l lowing  r e l a t i o n s h i p s :  

Cma = (2Iy/dpS) ~'x .~'2 {5) 

D = .-CLa - CD + (1/2)(d/ t ry)"  (Cmq + Cm~t) = (/,tt - ga)(2m/pS) (6 )  

In f i t t i ng  an  equa t ion  u s i n g  the  d i f f e r e n t i a l  c o r r e c t i o n s  p r o c e d u r e ,  
wh ich  is  an i t e r a t i v e  p r o c e s s ,  i t  i s  n e c e s s a r y  to  d e t e r m i n e  f i r s t  a s e t  of 
a p p r o x i m a t e  o r  i n i t i a l  v a l u e s  f o r  the  equa t i on  c o n s t a n t s  to be e v a l u a t e d .  
The  e r r o r s  in  the  i n i t i a l  v a l u e s  m u s t  be s u f f i c i e n t l y  s m a l l  to p e r m i t  the  
i t e r a t i v e  p r o c e s s  to c o n v e r g e .  F o r  a e r o d y n a m i c a l l y  s t a b l e  m o d e l s ,  the  
i n i t i a l  v a l u e s  f o r  the  c o n s t a n t s  can  be d e t e r m i n e d  a n a l y t i c a l l y  u s i n g  a 
p r o c e d u r e  b a s e d  on the  P r o n y  Method  d i s c u s s e d  in  Ref .  6. Input  d a t a  
fo r  c o m p u t i n g  the  i n i t i a l  v a l u e s  a r e  the  m e a s u r e d  ~ and a ,  and d i s t a n c e  
v a l u e s  c o r r e s p o n d i n g  to s i x  or  m o r e  s h a d o w g r a p h  s t a t i o n s  of n e a r  equa l  
s p a c i n g .  In g e n e r a l ,  the  a n g u l a r  m o t i o n  of the  m o d e l s  of the  p r e s e n t  
t e s t s  was  of a p r e c e s s i n g  e l l i p t i c a l  n a t u r e  ( c o m p l e x  y a w  ang le  p lane ) ,  
and the  a n a l y t i c a l l y  d e t e r m i n e d  i n i t i a l  v a l u e s  w e r e  qui te  a d e q u a t e .  

3.4 SWERVE PROGRAM 

The  l i f t - c u r v e  s l ope  is  ob ta ined  f r o m  an a n a l y s i s  of the  t r a n s v e r s e  
m o t i o n  of the  m o d e l  (Ref.  4). The  d i f f e r e n t i a l  equa t ion  de f in ing  the  
t r a n s v e r s e  m o t i o n ,  r e f e r e n c e d  to  a r i g h t - h a n d ,  r a n g e - f i x e d  c o o r d i n a t e  
s y s t e m  wi th  the  x - a x i s  a long  the  r a n g e  a x i s ,  can  be w r i t t e n  as  

y'" + iz'" = -(pS/2m) [(C.La + ipd CNpa) ~ - (Cyo + iCzo) exp (ipx)] (7) 

T h i s  equa t i on  m a y  be i n t e g r a t e d  to  y i e l d  

y + iz = (yo + izo) + ( y o +  iz'o)X - (CLa + ipdCNpa)  (G + ill) + (8) 

w h e r e  

(Cyo + iCzo) ( I  + iJ) 

S X x 2 

G + iH = ~S/2rn)  o ~o ~: dxx dx2 

4 
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[ + iJ = (pS[2mp 2 ) [ ( I  - c o s p x )  + i(px - s i n p x ) ]  

and ze ro  s u b s c r i p t s  indica te  in i t ia l  va lues .  Equat ion  (8) is f i t t ed  to the 
m e a s u r e d  (y + iz) va lues  by a l e a s t - s q u a r e s  cu rve - f i t t i ng  p r o c e d u r e  to 
obtain CLc ~. F o r  the sma l l  ro l l  r a t e s  involved in the p r e s e n t  t e s t s ,  the 
CNp a t e r m  was neg l ig ib ly  sma l l .  

The n o r m a l - f o r c e  de r iva t ive  is obtained f r o m  the r e l a t i on  

CNa = C L a  ~- CD ( 9 )  

and the cen t e r  of p r e s s u r e  is computed as 

Xcp/g  ffi (Xcg/l~) - (Cma/CNa)(d/g) (10) 
m 

With both CLc ~ and C D evaluated ,  the d a m p i n g - i n - p i t c h  d e r i v a t i v e s ,  
Cmq + Cm&, were  obtained f r o m  the total  damping p a r a m e t e r ,  D (see 
Eq. (6)). It should be noted that  s t ab i l i t y  d e r i v a t i v e s  r educed  us ing  the 
l i n e a r  a n a l y s i s  d i s c u s s e d  above a re  "e f fec t ive"  d e r i v a t i v e s ,  ff the  mode/  
involved has  fo rce  and momen t  v a r i a t i o n s  that  a r e  s l igh t ly  non l inea r .  

3.5 PRECISION OF MEASUREMENTS 

The e s t i m a t e d  m a x i m u m  probable  e r r o r s  in the data  p r e s e n t e d  in 
this  r e p o r t  a r e  l i s t e d  below: 

CD o Crna (Cmq + Cm,~) CNa cp 
Probable 

_+4 _+3 _+I0 +5 -+0.3 
Error, % 

SECTION IV 

BALLISTIC RANGE TESTS 

4.1 DYNAMIC STABILITY DERIVATIVES 

M e a s u r e d  Cmq + Crab l va lues  as a funct ion of Reynolds  number ,  fo r  
Mach n u m b e r s  n e a r  6 .5 ,  a r e  shown in Fig.  3. The l eve l  and t r e n d  of 
the damping va lues  for  a l a m i n a r  boundary  l a y e r  (Re~ < 4 .5  x 106) a r e  
well  defined.  F o r  the h igher  Reynolds  number  shots  (Re~ > 4 .5  x 106) 
the loca t ion  of t r a n s i t i o n  is in the r eg ion  of the model  base .  The in-  
c r e a s e d  s p r e a d  in the m e a s u r e m e n t s  at the h ighes t  Reynolds  n u m b e r s  
is be l i eved  to be r e l a t e d  to f luc tua t ions  in the loca t ion  of t r a n s i t i o n  and 
is  indica t ive  of the i n c r e a s e d  dif f icul ty  in obtaining cons i s t en t  damping  
m e a s u r e m e n t s  for  th is  t e s t  condit ion.  The damping l e v e l s  p r ed i c t ed  by 
the shock expans ion  method  (Ref. 7) and the uns teady  flow f ie ld  method  
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(Ref. 8) a r e  a l so  shown  in  F ig .  3, and both a r e  l o w e r  t h a n  t ha t  i n d i c a t e d  
by the  r a n g e  data .  

D a m p i n g  d e r i v a t i v e s  as  a func t i on  of Mach  n u m b e r ,  f o r  Re~ -- 
0 . 4  x 106, a r e  p r e s e n t e d  in F ig .  4. E x c e p t  f o r  the  two l o w  da t a  po in t s  
( s q u a r e  s y m b o l s )  at  M = 15, the  m e a s u r e m e n t s  a r e  qui te  c o n s i s t e n t  
and i nd i ca t e  a m a r k e d  i n c r e a s e  in  d a m p i n g  wi th  i n c r e a s i n g  Mach  n u m -  
b e r .  The  c i r c u l a r  s y m b o l s  r e p r e s e n t  sho t s  f o r  wh ich  the  m o d e l s  
e x p e r i e n c e d  n o n p l a n a r  m o t i o n  p a t t e r n s ,  but  t h e s e  p a t t e r n s  w e r e  c o m -  
p a r a b l e  to m o d e l  m o t i o n  in o n e - d e g r e e - o f - f r e e d o m  wind tunne l  t e s t s ;  
tha t  i s ,  the  m o d e l  on t h e s e  sho t s  e x p e r i e n c e d  a n e a r  z e r o  t r a n s v e r s e  
v e l o c i t y  c o m p o n e n t  ( componen t  n o r m a l  to the  a n g l e - o f - a t t a c k  p lane)  at  
i t s  m a x i m u m  a m p l i t u d e .  The  o t h e r  t h r e e  s h o t s  ( s q u a r e  s y m b o l s )  had  
c o m b i n a t i o n s  of a r o l l i n g  v e l o c i t y  and a w i d e r  e l l i p t i c  m o t i o n  p a t t e r n  
s u c h  tha t  the  m o d e l  would  t end  to have  a l a r g e r  t r a n s v e r s e  v e l o c i t y  
c o m p o n e n t  at  i t s  m a x i m u m  a m p l i t u d e .  The  d i f f e r e n c e s  in  the  m e a s u r e d  
d a m p i n g  l e v e l s  i n d i c a t e d  at  M ~ 15 a r e  b e l i e v e d  to be r e a l ,  and a l though  
the  p r o b l e m  is  not u n d e r s t o o d ,  the  m e a s u r e m e n t s  s u g g e s t  t ha t  the  d a m p -  
ing d e r i v a t i v e s  at h i g h e r  Mach  n u m b e r s  m a y  have  s o m e  d e p e n d e n c e  on 
the  t ype  of m o t i o n  p a t t e r n  e x p e r i e n c e d  by the  m o d e l .  Wi th in  the  band  of 
a m p l i t u d e s  of the  p r e s e n t  m e a s u r e m e n t s  (~ = 2 . 5  to  12 deg),  no a m p l i t u d e  
e f fec t  on d a m p i n g  was  de t ec t ed .  

The  two t h e o r e t i c a l  c u r v e s  (Refs .  7 and 8) shown in  F ig .  4 i n d i c a t e  
a s m a l l  i n c r e a s e  in  the  d a m p i n g  d e r i v a t i v e s  wi th  i n c r e a s i n g  M a c h  n u m -  
b e r ,  but  t h i s  i n c r e a s e  i s  not  as  l a r g e  as  tha t  i n d i c a t e d  by  the  e x p e r i -  
m e n t a l  m e a s u r e m e n t s .  In v i ew  of the  l a r g e r  i n c r e a s e  in  the  e x p e r i m e n t a l  
d a m p i n g  v a l u e s  wi th  Mach  n u m b e r  t han  was  expec t ed ,  p a r t i c u l a r  c a r e  was  
e x e r c i s e d  in  e x a m i n i n g  d i f f e r e n t  f a c t o r s  tha t  could have  p o s s i b l y  a f f ec t ed  
the  data;  h o w e v e r ,  no th ing  has  b e e n  found to i n v a l i d a t e  the  e x p e r i m e n t a l  
me  a s u r e m e n t  s.  

One p o t e n t i a l  e r r o r  s o u r c e  tha t  was  c o n s i d e r e d  in  s o m e  de t a i l  was  
the  e f fec t  of the  g e o m e t r y  of the  m o d e l  n o s e  chang ing  d u r i n g  the  f l i gh t  
owing to a e r o d y n a m i c  hea t i ng .  At the  h i g h e r  M a c h  n u m b e r s ,  the  
s h a d o w g r a m s  of the  m o d e l  i n d i c a t e d  tha t  a s l i g h t  change  in  n o s e  b l u n t -  
n e s s  o c c u r r e d  du r ing  f l igh t ,  and in  the  w o r s t  c a s e  the  R N / R  B r a t i o  
i n c r e a s e d  to about  0 . 0 7  at  the  d o w n r a n g e  end of the r a n g e .  It ha s  b e e n  
no ted  in  p r e v i o u s  r a n g e  t e s t i n g  t h a t  a c o p p e r  n o s e  t ip  at h igh  h e a t i n g  
cond i t ions  a p p e a r s  to m e l t ,  and a p o r t i o n  of the  t ip  m a t e r i a l  i s  r e d i s -  
t r i b u t e d  a long  the  n o s e  of the  mode l  i m m e d i a t e l y  aft  of the  t ip .  In f ac t ,  
i t  i s  q u e s t i o n a b l e  w h e t h e r  any  m a s s  is  a c t u a l l y  l o s t  f r o m  c o p p e r  n o s e  
m o d e l s .  Hence ,  any  n o s e  e f fec t  e x i s t i n g  in  the  p r e s e n t  m e a s u r e m e n t s  
is  b e l i e v e d  to be r e l a t e d  to  the  s m a l l  change  in  n o s e  g e o m e t r y  r a t h e r  
t han  to a c tua l  m a t e r i a l  ab l a t i on .  

6 
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In an  a t t e m p t  to a s s e s s  the  e f fec t  of the  s m a l l  changes  in  n o s e  
g e o m e t r y  on the  d a m p i n g  m e a s u r e m e n t s ,  a s e r i e s  of sho t s  was  a n a l y z e d  
i n d e p e n d e n t l y  o v e r  the  f i r s t  ha l f  and o v e r  the  s e c o n d  ha l f  of t h e i r  f l i g h t s .  
It fo l lows  t ha t  if  n o s e  g e o m e t r y  e f f ec t s  w e r e  l a r g e ,  t hey  would be 
r e f l e c t e d  in d a m p i n g  v a l u e s  r e d u c e d  in  t h i s  m a n n e r .  The  r e s u l t s  of 
t h i s  a n a l y s i s  i n d i c a t e d  no c o n s i s t e n t  d i f f e r e n c e  in the  r e d u c e d  d a m p i n g  
v a l u e s  ob ta ined  fo r  the  f i r s t  and s e c o n d  p o r t i o n s  of the  i nd iv idua l  f l i g h t s .  
Tha t  i s ,  the  d a m p i n g  v a l u e s  ob ta ined  d u r i n g  the f i r s t  p o r t i o n  of t h e s e  
f l i gh t s  w e r e  n e i t h e r  c o n s i s t e n t l y  h i g h e r  n o r  l o w e r  t h a n  t h o s e  f o r  the  
s e c o n d  po r t i on .  F u r t h e r m o r e ,  the  d i f f e r e n c e s  in  the  d a m p i n g  v a l u e s  
computed  f o r  the  f i r s t  and s e c o n d  p o r t i o n s  of the  i nd iv idua l  sho t s  w e r e  
a l w a y s  s m a l l  r e l a t i v e  to the  e x p e r i m e n t a l l y  o b s e r v e d  i n c r e a s e  in  d a m p -  
ing at the  h i g h e r  Mach  n u m b e r s .  It i s  a l s o  s i g n i f i c a n t  tha t ,  f o r  s h o t s  
at Mach  n u m b e r s  up t h r o u g h  M -- 11, no nose  s h a p e  change  was  d e t e c t -  
able;  h o w e v e r ,  the da t a  point  at M~= 11 is  c o n s i s t e n t  wi th  the  t r e n d  
e s t a b l i s h e d  by the h i g h e r  Mach  n u m b e r  sho t s  in  i n d i c a t i n g  i n c r e a s e d  
d a m p i n g  wi th  Mach  n u m b e r .  

F u r t h e r  i n d i c a t i o n  of the  n e g l i g i b l e  e f fec t  of n o s e  g e o m e t r y  c h a n g e s  
on the  d y n a m i c  s t a b i l i t y  d e r i v a t i v e s  was  ob t a ined  f r o m  the  d a m p i n g  
m e a s u r e m e n t s  fo r  t h r e e  sho t s  u s ing  m o d e l s  wi th  a l a r g e r  i n i t i a l  b l u n t -  
n e s s  r a t i o  ( (RN/R B) -- 0 .07 ) ,  p r e s e n t e d  in F ig .  5. Nose  shape  c h a n g e s  
fo r  t h e s e  m o d e l s  would n e c e s s a r i l y  be s m a l l e r  t han  t h o s e  f o r  m o d e l s  
wi th  the  s h a r p e r  t ip;  h o w e v e r ,  t h e s e  sho t s  a l s o  show a s i m i l a r  t r e n d  of 
i n c r e a s i n g  d a m p i n g  wi th  i n c r e a s i n g  Mach  n u m b e r .  A l s o  shown  in  F ig .  5 
i s  a c u r v e  r e p r e s e n t i n g  the da ta  g i v e n  in  F ig .  4 fo r  (RN/RB)  -- 0 . 0 3 2 .  
It i s  of i n t e r e s t  t ha t  the  m e a s u r e m e n t s  do not  i nd i ca t e  any  s i g n i f i c a n t  
e f fec t  of b l u n t n e s s  on damping ,  w i th in  the  s m a l l  b l u n t n e s s  change  of the  
p r e s e n t  t e s t s .  

4.2 STATIC STABILITY DERIVATIVES 

In e x a m i n i n g  the  Cm~ da ta  of the  t e s t  p r o g r a m ,  i t  b e c a m e  a p p a r e n t  
tha t  Cm~ was  m o r e  s e n s i t i v e  to a m p l i t u d e  f o r  s o m e  t e s t  c o n d i t i o n s  t h a n  
had b e e n  a n t i c i p a t e d .  Hence ,  the  amoun t  of a v a i l a b l e  da ta  was  not  su f -  
f i c i e n t  to  def ine  wel l  the  e f f ec t s  of a m p l i t u d e  on Cm~ in s o m e  c a s e s .  
H o w e v e r ,  c e r t a i n  v a r i a t i o n s  of Cm~ wi th  a m p l i t u d e  a r e  i n d i c a t e d  in  the  
l i m i t e d  n u m b e r  of r a n g e  m e a s u r e m e n t s ,  and t h e s e  a r e  d i s c u s s e d  in  
de t a i l .  In t h i s  r e p o r t ,  a d j u s t m e n t s  of Cm~ da ta  ( e i t h e r  r a n g e  or  wind 
tunne l  data)  to a n o t h e r  m o m e n t  r e f e r e n c e  p o s i t i o n  w e r e  m a d e  u s i n g  a 
CN~ v a l u e  of 1 .91 .  

Measured variations of Cma with amplitude for (RN/R B) -- O. 032, 
are shown in Fig. 6 for Mach numbers near 6, 11, and 15.5. A sec- 
tional curve fitting procedure wherein the equation of motion is fitted 
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to the  m o t i o n  da ta  of d i f f e r e n t  p o r t i o n s  of a f l i gh t  was  u s e d  in  s o m e  c a s e s  
in  r e d u c i n g  the  Cmt  ~ da ta .  The  s e c t i o n a l  f i t t i ng  p r o c e d u r e  i s  an  a id  in 
i d e n t i f y i n g  a m p l i t u d e  e f f ec t s  in Cm~ da t a  fo r  s o m e  t e s t  c o n d i t i o n s .  

Wi th in  the  band of M, R N / R B ,  and R e f  f o r  the  sho t s  invo lved ,  the  
m e a s u r e m e n t s  at  M = 6 (F ig .  6a) i n d i c a t e  a n e a r  c o n s t a n t  Cmc~ f o r  m e a n  
a m p l i t u d e s  up to  about  7 deg; w h e r e a s ,  at M -- 11 (F ig .  6b) a s l i g h t  
i n c r e a s e  in  Cmc ~ wi th  a m p l i t u d e  i s  i n d i c a t e d .  It  i s  b e l i e v e d  t ha t  t he  
v a r i a t i o n  in  Cmc~ wi th  a m p l i t u d e ,  shown in  F ig .  6b (note the  Cmc ~ v a r i a -  
t ions  fo r  i nd iv idua l  sho t s )  is  r e l a t e d  to a m p l i t u d e  d i f f e r e n c e s  r a t h e r  t h a n  
to  the  d i f f e r e n c e s  in R e y n o l d s  n u m b e r  l i s t e d  in  F ig .  6b f o r  the  s h o t s  
involved .  The  Cm~ v a l u e s  p r e s e n t e d  in  F ig .  6c f o r  M = 15 .5  w e r e  
m e a s u r e d  o v e r  the  f i r s t  o n e - t h i r d  p o r t i o n  of the  r a n g e  l e n g t h  b e c a u s e  
of the  h i g h e r  n o s e  h e a t i n g  cond i t i ons  a s s o c i a t e d  wi th  t h e s e  s h o t s ,  and 
any  e f f ec t s  of p o s s i b l e  n o s e  g e o m e t r y  c h a n g e s  on the p r e s e n t e d  Cm~ 
v a l u e s  a r e  b e l i e v e d  to be n e g l i g i b l y  s m a l l .  In g e n e r a l ,  the  v a r i a t i o n  
of C m ~  was  s m a l l  f o r  m e a n  a m p l i t u d e s  up to about  16 deg;  h o w e v e r ,  the  
da t a  in F ig .  6c s u g g e s t  an a p p a r e n t  s l i g h t  sh i f t  in  m a g n i t u d e  in  t he  
a m p l i t u d e  r e g i o n  n e a r  ~ = 10 .5  deg (nea r  the  cone s e m i a n g l e ) .  A l s o  
shown  in F ig .  6 a r e  the  N e w t o n i a n  p r e d i c t e d  l e v e l s  of Cmc~ which  a r e  in  
r e a s o n a b l e  a g r e e m e n t  wi th  the  p r e s e n t  m e a s u r e m e n t s .  It s hou ld  be no t ed  
tha t  the  N e w t o n i a n  t h e o r y  as  u s e d  in  t h i s  p a p e r  is  the  u n m o d i f i e d  N e w -  
t on i an  t h e o r y  (Cp = 2 sin251). 

The  f a i r e d  Cm~ c u r v e s  of F ig .  6 a r e  r e p l o t t e d  in F ig .  7 and i n d i -  
ca te  tha t  Cm~ i n c r e a s e s  s l i g h t l y  wi th  M a c h  n u m b e r  fo r  m e a n  a m p l i t u d e s  
b e t w e e n  about  3 and 7 deg.  

M e a s u r e d  v a r i a t i o n s  of Cmc ~ as  a f u n c t i o n  of ~ a r e  shown  i n ' F i g .  8 
fo r  cones  h a v i n g  l a r g e r  o l u n t n e s s  r a t i o s .  T h e  da t a  fo r  (RN/RB)  = 0 . 1 ,  
shown  in  F i g .  8c,  w e r e  ob t a ined  in  a p r e v i o u s  R a n g e  G -est p r o g r a m  
(Ref.  9). F o r  c o m p a r i s o n  p u r p o s e s ,  the  f a i r e d  Cm~ c u r v e s  of F ig .  8 
a r e  r e p l o t t e d  in F ig .  9. A l s o  shown  in F ig .  9 i s  the  f a i r e d  Cmc ~ c u r v e  
of F ig .  6c f o r  ( R N / R  B) = 0. 032 and M -- 15 .5 .  The  m e a s u r e m e n t s  
i n d i c a t e  an  a p p r e c i a b l e  d e c r e a s e  in  Cmc ~ f o r  an  i n c r e a s e  in  R N / R  B 
f r o m  0 .032  to 0 . 0 7  at  M = 15. It is  of s i g n i f i c a n c e  tha t ,  at  t h i s  M a c h  
n u m b e r ,  the  l i m i t e d  amoun t  of da t a  i n d i c a t e s  t ha t  the  d i f f e r e n c e  
ob t a ined  in  Cmc ~ f o r  the  two v a l u e s  of ( R N / R  B) d i m i n i s h e s  at  the  l o w e r  
a m p l i t u d e s  and s u g g e s t s  the  p o s s i b i l i t y  tha t  C m ~  m a y  be h i g h e r  f o r  
the  b l u n t e r  cone  at  v a l u e s  of 5 n e a r  z e r o .  At M -- 11, a C m ~  l e v e l  i s  
o b s e r v e d  s i m i l a r  to t ha t  at  M--  15, i n d i c a t i n g  t ha t  any  M a c h  n u m b e r  
e f f ec t  on Cmc~ in  t h i s  a m p l i t u d e  and M a c h  n u m b e r  r a n g e  i s  s m a l l .  T h e  
m a r k e d  i n c r e a s e  in  Cmc ~ ( ( R N/R  B) = 0 .07)  no ted  f o r  the  l o w e r  a m p l i -  
t udes  in  the  M ~ 15 d a t a  i s  not  ev iden t  in the  M -- 11 da t a  at c o m p a r a b l e  
a m p l i t u d e s .  The  M -- 9 da ta  f o r  (RN/R B) = 0 .1  ( f r o m  Ref .  9) show a 
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f u r t h e r  d e c r e a s e  in Cm~ be low the  l e v e l  of the  da ta  for  M = 11 and 
M = 15. Th i s  l o w e r  l e v e l  in Cm~ is  b e l i e v e d  to be a s s o c i a t e d  p r i m a r i l y  
wi th  the  f u r t h e r  i n c r e a s e  in b l u n t n e s s  r a t h e r  t han  wi th  the  Mach  n u m b e r  
d i f f e r e n c e  b e c a u s e  of the  s m a l l  Mach  n u m b e r  e f fec t  no t ed  p r e v i o u s l y  in 
the  da ta  at M = 15 and M = 11. A m a r k e d  i n c r e a s e  in Cm~ s i m i l a r  to 
tha t  ob ta ined  at M = 15 is  o b s e r v e d  in the  M = 9 da ta  fo r  a m p l i t u d e s  l e s s  
than  4 deg.  It a p p e a r s  f r o m  the  e x p e r i m e n t a l  da ta  of th i s  f i g u r e  tha t  the  
a m p l i t u d e  a s s o c i a t e d  w i t h  the  i n c r e a s e  in Cm~, o b s e r v e d  at s m a l l e r  
a m p l i t u d e s ,  is  Mach n u m b e r  dependen t .  Unfo r tuna t e ly ,  the a b s e n c e  of 
su f f i c i en t ,  l ow  a m p l i t u d e  da ta  at M = 11 p r e c l u d e s  f u r t h e r  c o n f i r m a t i o n  
of th i s  o b s e r v a t i o n .  With in  the  a s s u m p t i o n  that  any Mach n u m b e r  e f fec t  
on Cm~ is  s m a l l ,  the  p r e s e n t  m e a s u r e m e n t s  ind ica t e ,  fo r  a m p l i t u d e s  in 
the  r a n g e  b e t w e e n  6 and 10 deg,  that  Cm~ d e c r e a s e s  wi th  i n c r e a s i n g  
b l u n t n e s s  f o r  R N / R B  v a l u e s  up to at l e a s t  0 .1 .  

Va lues  of Cm~ obta ined ,  for  5 = 7 deg,  f r o m  the  c u r v e s  of F ig .  9 
and the  l e v e l  of Cm~ ob ta ined  in a f r e e - f l i g h t  wind tunne l  t e s t  at AEDC 
a r e  shown in Fig .  10 as a func t ion  of b l u n t n e s s  r a t i o .  Also  shown in 
F ig .  10 a r e  the  v a r i a t i o n s  of Cm~ wi th  b l u n t n e s s  r a t i o  that  a r e  p r e -  
d i c t ed  by the  N e w t o n i a n  and the  u n s t e a d y  f low f i e ld  t h e o r i e s  wh ich  a r e  
fo r  a m p l i t u d e s  n e a r  z e r o .  The  g e n e r a l  t r e n d s  of the  t h e o r e t i c a l  c u r v e s  
a r e  c o n s i s t e n t  wi th  the  d e c r e a s e  in Cm~ i n d i c a t e d  in the  f ree-f l_ight  
m e a s u r e m e n t s  f o r  the  s m a l l  r a n g e  of n o s e  b l u n t n e s s  r a t i o ,  at 5 = 7 deg .  
H o w e v e r ,  as no t ed  p r e v i o u s l y ,  the  p r e s e n t  m e a s u r e m e n t s  f o r  b l u n t n e s s  
r a t i o s  of 0 .07  and g r e a t e r  ( see  Fig .  9) s u g g e s t  that ,  at a m p l i t u d e s  n e a r  
z e r o ,  a n o s e  b l u n t n e s s  m a y  r e s u l t  in  a g r e a t e r  Cma  than  fo r  a po in t ed  
cone.  F u r t h e r  e x p e r i m e n t a l  e v i d e n c e  of th i s  e f fec t  can  be ob t a ined  f r o m  
da ta  p r e s e n t e d  in Ref.  10. The  t e s t s  of Ref.  10 w e r e  at M = 14 and at 
a m p l i t u d e s  l e s s  than  2 .8  deg,  and the  m e a s u r e d  Cm~ fo r  a 10-deg  s e m i -  
ang le  cone  (RN/RB)  = 0 .1 )  was  a p p r e c i a b l y  l a r g e r  t han  the  Cm~ fo r  a 
po in ted  cone;  it shou ld  be no t ed  that  th i s  c o m m e n t  is va l i d  f o r  Cm~ m e a s -  
u r e m e n t s  of Ref.  10 r e f e r e n c e d  to  a c o m m o n  pivot  axis  p o s i t i o n  e x p r e s s e d  
as a p e r c e n t a g e  of ac tua l  m o d e l  l e n g t h  f r o m  the  nose .  

In Fig .  11, Cm~ v a l u e s  ( ad ju s t ed  to cg = 65) a r e  shown as a func t i on  
of R e y n o l d s  n u m b e r .  T h e s e  m e a s u r e m e n t s  a r e  fo r  Mach  n u m b e r s  n e a r  
6. An e x a m i n a t i o n  of s c h l i e r e n  p h o t o g r a p h s  i n d i c a t e d  that  the  l o w e s t  
da ta  poin t  of the  g roup  of da ta  points  n e a r  Re£ = 4 .8  x 106 c o r r e s p o n d e d  
to  a shot  tha t  had  a l a m i n a r  b o u n d a r y  l a y e r  o v e r  the  c o m p l e t e  l e n g t h  of 
the  m o d e l .  Th i s  sho t  a l so  had  the  l o w e s t  a m p l i t u d e ,  5 = 0 .7  deg.  
S c h l i e r e n  p h o t o g r a p h s  f o r  o t h e r  sho t s  of th i s  g roup  (h ighe r  a m p l i t u d e s )  
i n d i c a t e  tha t  the  l o c a t i o n  of t r a n s i t i o n  was  n e a r  the  b a s e  of the  m o d e l .  
Hence ,  the  f a i r e d  c u r v e  in Fig .  11 is b e l i e v e d  to  be r e p r e s e n t a t i v e  of the  
v a r i a t i o n  of Cm~ with  R e y n o l d s  n u m b e r  fo r  a cone  hav ing  a l a m i n a r  
bounda ry  l a y e r .  The  l i m i t e d  m e a s u r e m e n t s  ava i l ab l e  at the  h i g h e r  

9 
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Reynolds  n u m b e r s  indica te  that  Cm~ i n c r e a s e s  s l i gh t l y  as  t r a n s i t i o n  
moves  onto the cone. 

4.3 LIFT. AND NORMAL.FORCE DERIVATIVES 

The v a r i a t i o n s  of CL~ and CN~ with ampl i tude ,  fo r  M = 6 and over  
a Reyno lds  n u m b e r  r a n g e  f r o m  0.2  x 106 to 5 x 106, a r e  shown in 
F ig .  12. The CL~ m e a s u r e m e n t s  d e c r e a s e  s l i gh t l y  with i n c r e a s i n g  
such tha t  the c o r r e s p o n d i n g  CN~ va lues  (for (RN/RB) = 0. 032) a r e  
n e a r l y  cons tant  fo r  6 up to 6 deg. T h e s e  data  indica te  tha t  at M = 6 
the effect  of Reynolds  number  on CL~ and CN~ within  the above Re~ 
r a n g e  is  not s ign i f i can t .  The  CN~ l eve l  p r e d i c t e d  by the Newtonian  
t h e o r y  is a lso  shown in Fig.  12b and is in good a g r e e m e n t  with the 
p r e s e n t  m e a s u r e m e n t s .  

V a r i a t i o n s  of CL~ and CN~ with ampl i tude ,  fo r  Re~ = 0 .4  x 106, 
and fo r  Mach n u m b e r s  f r o m  6 to 16, a r e  shown in Fig.  13. The m e a s -  
u r e m e n t s  shown in F igs .  13a and b indica te  that ,  again,  CL~ d e c r e a s e s  
with i n c r e a s i n g  ampl i tude  such  that  the c o r r e s p o n d i n g  CNa 'va lues  (for 
(RN/R B) = 0. 032) a re  n e a r l y  cons tant  fo r  6 up to at l e a s t  18 deg. F u r -  
t he r ,  the m e a s u r e m e n t s  ind ica te  that  both CL~ and CN~ tend to be i n s e n s i -  
t ive  to Mach number .  The f a i r e d  CNa curve  of Fig.  13b is r ep lo t t ed  in 
Fig.  13c. Also shown in Fig.  13c a re  m e a s u r e m e n t s  for  (RN/R B) = 0 .07 
and for  Re~ = 5 x 106. The l i m i t e d  n u m b e r  of m e a s u r e m e n t s  does not 
ind ica te  any s ign i f i can t  ef fec ts  of e i t h e r  Reyno lds  n u m b e r  or  of s m a l l  
nose  b lun tness  on CNa. The CN~ l e v e l s  p r ed i c t ed  by the Newtonian  
theo ry ,  fo r  (RN/RB) = 0 .032 and 0 .07,  a r e  a l so  shown in Fig.  13 and 
a r e  in good a g r e e m e n t  with the p r e s e n t  m e a s u r e m e n t s .  

4.4 CENTER OF PRESSURE 

The v a r i a t i o n s  of cp with Reynolds  number ,  ampl i tude ,  and Mach 
n u m b e r  a r e  shown in Fig.  14. The m e a s u r e m e n t s  in Fig .  14a, fo r  
M = 16 and for  ~ up to about 6 deg, ind ica te  that  cp (for (RN/RB) ~ 0. 032) 
tends  to be i n s e n s i t i v e  to Reynolds  n u m b e r  if the  model  has  a l a m i n a r  
boundary  l a y e r .  As s t a ted  p r e v i o u s l y ,  fo r  Re~ = 4 . 8  x 106, the l oca t i on  
of t r a n s i t i o n  for  NI =16 is  n e a r  the ba se  of the  model .  The lowes t  data  
point  (more  f o r w a r d  cp) in the group of data  points  at Reynolds  n u m b e r s  
n e a r  4 .8  x 106, c o r r e s p o n d s  to the shot  noted in the d i s c u s s i o n  of the  
Cm~ data  of Fig .  11 and has  the  lowes t  ampl i tude ,  ~ = 0 .7  deg. Hence,  
th i s  group of da ta  points  would sugges t  that  the cp moves  s l i gh t l y  r e a r -  
ward  as t r a n s i t i o n  moves  onto the cone. 

10 
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The  cp m e a s u r e m e n t s  f o r  M ~ 15 ( (RN/R B) -- 0. 032, Re.~ .~ 0 . 4  x 106) 
a r e  p lo t t ed  as  a f unc t i on  of a m p l i t u d e  in  F ig .  14b. T h e s e  da ta  do not  
i n d i c a t e  any  s i g n i f i c a n t  e f fec t  of a m p l i t u d e  on the  cp. 

M e a s u r e m e n t s  in  F ig .  14c, fo r  Re~',-- 0 . 4  x 106 and f o r  m e a n  a m p l i -  
t udes  f r o m  5 to 12 deg,  i nd i ca t e  tha t  cp (for  (RN/RB)  = 0 .032)  m o v e s  
s l i g h t l y  r e a r w a r d  wi th  i n c r e a s i n g  Mach  n u m b e r .  The  cp m e a s u r e m e n t s  
f o r  (RN/R  B) ~- 0 .07 ,  a l s o  shown  in F ig .  14c, a r e  in g e n e r a l  a g r e e m e n t  
wi th  the  cp v a l u e s  fo r  the  s h a r p e r  cone;  the  l o w e r  da ta  poin t  ( t r i a n g u l a r  
s.~ymbol) at  M = 11 i s  b e l i e v e d  to  be l o w e r  b e c a u s e  of the  h i g h e r  a m p l i t u d e  
(6 -- 11 .5  deg) of t h i s  shot  in  c o m b i n a t i o n  wi th  the  l a r g e r  b l u n t n e s s  r a t i o .  

The  l e v e l s  of cp p r e d i c t e d  by  the  N e w t o n i a n  t h e o r y  a r e  a l s o  shown  
in F ig .  14 and a r e  in  r e a s o n a b l e  a g r e e m e n t  wi th  the  p r e s e n t  m e a s u r e -  
m e n t s .  

4.5 DRAG COEFFICIENT 

D r a g  coe f f i c i en t ,  CDo, is  p r e s e n t e d  as  a func t ion  of Mach  n u m b e r  
in  F ig .  15 f o r  Re~ = 0 . 4  x 106. M e a s u r e m e n t s  i nd i ca t e  t ha t  CDo, f o r  
(RN/R  B) ~ 0. 032, d e c r e a s e s  wi th  i n c r e a s i n g ' M a c h  n u m b e r .  Add i t i ona l  
d r a g  m e a s u r e m e n t s  shown  in F ig .  15 f o r  b l u n t n e s s  r a t i o s  f r o m  0 .02  to 
0 . 0 7  i n d i c a t e  tha t  CDo t ends  to be i n s e n s i t i v e  to  s m a l l  c h a n g e s  in n o s e  
b l u n t n e s s .  

Some CDo m e a s u r e m e n t s ,  f o r  MI = 6, a r e  shown  as  a f unc t i on  of 
R e y n o l d s  n u m b e r  in F ig .  16. The  l o w e s t  da ta  point  in  the  g r o u p  of da ta  
po in t s  n e a r  R e f  = 4 . 8  x 106 c o r r e s p o n d s  to the  s a m e  shot  no ted  in  the  
d i s c u s s i o n  of the  C m ~  da t a  o f  F ig .  11. It was  no ted  then  tha t  t h i s  shot  
had  the  m i n i m u m  a m p l i t u d e ,  5 = 0 .7  deg,  and t ha t  the  s c b l i e r e n  pho to -  
g r a p h  fo r  t h i s  sho t  i n d i c a t e d  tha t  the  m o d e l  had  a l a m i n a r  b o u n d a r y  l a y e r  
ove r  i t s  e n t i r e  l e n g t h .  Hence ,  the  f a i r e d  c u r v e  in F i g .  16 i s  b e l i e v e d  
r e p r e s e n t a t i v e  of the  CDo v a r i a t i o n  f o r  the  c a s e  of the  cone hav ing  a 
l a m i n a r  b o u n d a r y  l a y e r .  

The  v a r i a t i o n  of CDo as  t r a n s i t i o n  m o v e s  onto the  cone i s  not  de f ined  
a d e q u a t e l y  in  the  p r e s e n t  t e s t s ,  p a r t i a l l y  b e c a u s e  of the  s e n s i t i v e n e s s  of 
the  l o c a t i o n  of t r a n s i t i o n  wi th  s m a l l  a m p l i t u d e  changes ;  h o w e v e r ,  the  
m e a s u r e m e n t s  at the  h i g h e r  R e y n o l d s  n u m b e r s  i nd i ca t e  an a p p r e c i a b l e  
i n c r e a s e  in  CDo as  t r a n s i t i o n  m o v e s  onto the cone.  

M e a s u r e m e n t s  of CDo fo r  (RN/RB)I  = 0 . 1 ,  as  a func t i on  of R e y n o l d s  
n u m b e r ,  a r e  shown  in  F ig .  17. Add i t iona l  da ta  po in t s  fo r  ( R N / R  B) -- 
0 .032  and 0 . 0 8  i n d i c a t e  tha t  e f f ec t s  of s m a l l  c h a n g e s  in  n o s e  b l u n t n e s s  on 
CDo a r e  not s i g n i f i c a n t  fo r  t h e s e  t e s t  cond i t i ons .  
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SECTION V 
COMPARISON OF RANGE DATA WITH WIND TUNNEL DATA 

C o m p a r i s o n s  of the  p r e s e n t  r a n g e  m e a s u r e m e n t s  wi th  wind  tunne l  
da ta  a r e  shown  in F i g s .  18 t h r o u g h  23. The  f a i r e d  Cm~ c u r v e  (M = 6) 
of F ig .  11, c o r r e s p o n d i n g  to a cond i t ion  of a l a m i n a r  b o u n d a r y  l a y e r ,  i s  
r e p l o t t e d  in F ig .  18. A l s o  shown  in  F ig .  18 a r e  Cm~ m e a s u r e m e n t s  
f o r  a s t i n g - s u p p o r t e d  10-deg  s e m i a n g l e  cone ob ta ined  at the  J e t  P r o p u l -  
s i on  L a b o r a t o r y  ( J P L )  (Ref.  11) f o r  s i m i l a r  t e s t  cond i t i ons .  The  J P L  
m e a s u r e m e n t s  have  b e e n  a d j u s t e d  to a m o m e n t  r e f e r e n c e  at 65 p e r c e n t  
of the  cone l e n g t h  f r o m  the nose .  The  s i g n i f i c a n c e  of t h i s  da t a  c o m -  
p a r i s o n  i s  r e l a t e d  to the  d i f f e r e n t  t r e n d s  e x h i b i t e d  in the  two s e t s  of 
da ta .  The  J P L  m e a s u r e m e n t s  i n c r e a s e  a p p r e c i a b l y  wi th  d e c r e a s i n g  
R e y n o l d s  n u m b e r ,  w h e r e a s  the  r a n g e  m e a s u r e m e n t s  a r e  n e a r l y  c o n s t a n t .  
The  d i f f e r e n c e  in  ab s o lu t e  m a g n i t u d e  of Cm~ b e t w e e n  the  two s e t s  of 
m e a s u r e m e n t s  i s  of no c o n c e r n  b e c a u s e  of the  d i f f e r e n t  n o s e  b l u n t n e s s  
r a t i o s  ( i nd i ca t ed  in  F ig .  18) tha t  a r e  invo lved .  

In F ig .  19, a c o m p a r i s o n  is  m a d e  b e t w e e n  the  r a n g e  d a m p i n g  da t a  
( f a i r ed  c u r v e  r e p l o t t e d  f r o m  F ig .  3) f o r  M = 6 and d a m p i n g  m e a s u r e -  
m e n t s  ob ta ined  in  the J P L  t e s t s  (Ref.  11). The  r a n g e  m e a s u r e m e n t s  
i n d i c a t e  s o m e w h a t  m o r e  d a m p i n g  than  m e a s u r e d  in  the  J P L  t e s t s .  In 
c o n s i d e r a t i o n  of p r e v i o u s  c o m m e n t s  r e g a r d i n g  n o s e  b l u n t n e s s  e f f ec t s  on 
d a m p i n g ,  the  e f fec t  of the  s m a l l  d i f f e r e n c e  in  RN/R B e x i s t i n g  in the  
da t a  s h o w n  in F ig .  19 would be e x p e c t e d  to  be  n e g l i g i b l y  s m a l l .  

The motion plot shown in Fig. 20 corresponds to the shot at a 
Reynolds number of 3.2 x 106 (see Figs. 3 and 11); hence, this shot 
was one of those used in defining the range variations of Cm~ and 
Cmq + Cm& shown in Figs. 18 and 19. The quality of this motion plot 
(better than for some shots) is such that an examination of the plot aids 
in assuring the reasonableness of the range measurements of Figs. 18 
and 19. It can  be o b s e r v e d  in F ig .  20 tha t  t he  f i t t ed  c u r v e  d e s c r i b e s  
the  v a r i a t i o n  of the  m e a s u r e d  ~ v a l u e s  v e r y  wel l .  The  r o l l  r a t e  f o r  t h i s  
shot  was  n e a r  z e r o ;  h e n c e ,  the  d a m p i n g  of the  m o d e l  can  be e v a l u a t e d  
f r o m  the  d e c a y  of e i t h e r  the  ~ o r  ~ m o t i o n  componen t  of the  y a w i n g  
m o t i o n ,  and Cm~ can  be e v a l u a t e d  f r o m  the w a v e l e n g t h  of e i t h e r  the  
o r  ~ m o t i o n  componen t .  In g e n e r a l ,  the  w a v e l e n g t h  of the  y a w i n g  
m o t i o n  of a m o d e l  can  be d e t e r m i n e d  b e t t e r  t h a n  the  a m p l i t u d e  decay .  
Howeve r ,  i t  i s  a p p a r e n t  f r o m  F ig .  20 tha t  the  e r r o r  in  e v a l u a t i n g  the  
a m p l i t u d e  d e c a y  ( p r o p o r t i o n a l  to the  e r r o r  in  the  m e a s u r e d  damping)  
f r o m  the  c o m p u t e r  f i t t ed  c u r v e ,  would be expec t ed  to  be  l e s s  t han  f ive  
p e r c e n t .  

12 
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A c o m p a r i s o n  of the r a n g e  damp ing  l e v e l  at M = 10 wi th  wind tunne l  
da ta  ob ta ined  at AEDC at the  s a m e  Mach  n u m b e r  and ove r  a r a n g e  of cg 
p o s i t i o n  i s  shown in F ig .  21. Two t h e o r e t i c a l  c u r v e s  a r e  a l s o  shown in 
F ig .  21 to  i nd i ca t e  the  p r e d i c t e d  t r e n d  of the  d a m p i n g  d e r i v a t i v e s  wi th  cg 
pos i t ion .  The  wind tunne l  da ta  inc lude  r e s u l t s  f r o m  f r e e - f l i g h t  m o d e l s  
(at AEDC) and both g a s - b e a r i n g - m o u n t e d  and f l e x u r e - m o u n t e d ,  s t i n g -  
s u p p o r t e d  m o d e l s  (AEDC), a l l  t e s t e d  in the  s a m e  wind tunne l  at s i m i l a r  
f low cond i t ions .  A l so  i nc luded  a r e  m e a s u r e m e n t s  (us ing a f l e x u r e  pivot) ,  
t aken  f r o m  Ref .  12, m a d e  at a s i n g l e  cg p o s i t i o n  and at t h r e e  d i f f e r e n t  
f r e q u e n c i e s .  

L 

Both r a n g e  and tunne l  f r e e - f l i g h t  d y n a m i c  s t a b i l i t y  m e a s u r e m e n t s  t end  
to be l a r g e r  t han  the  m e a s u r e m e n t s  fo r  the  s t i n g - m o u n t e d  m o d e l s .  T h e s e  
f r e e - f l i g h t  m e a s u r e m e n t s  in the  r a n g e  and wind tunne l  t end  to  be c o n s i s t e n t  
wi th  one a n o t h e r ,  a l though  t h e r e  is  a d i f f e r e n c e  in  R e y n o l d s  n u m b e r s  b e -  
tween  the  two s e t s  of m e a s u r e m e n t s  (Re~ -- 0 . 4  x 106 and 106 fo r  the  r a n g e  
and tunne l  t e s t s ,  r e s p e c t i v e l y ) .  

The  Ref .  12 da ta ,  at a Re~ c o m p a r a b l e  to  the  r a n g e  da ta ,  i n d i c a t e  
a f r e q u e n c y  ef fec t  on damping ,  as  shown  in F ig .  21. It shou ld  be no ted  
tha t  a p p a r e n t  f r e q u e n c y  e f f ec t s  on d y n a m i c  s t a b i l i t y  m e a s u r e m e n t s  h a v e  
been  o b s e r v e d  in  o t h e r  tunne l  t e s t s .  The  p o r t i o n  of the  Ref .  12 m e a s u r e -  
m e n t s  which  w e r e  ob ta ined  at f r e q u e n c i e s  c o m p a r a b l e  to the  f r e e - f l i g h t  
da ta  in  F ig .  21 i nd i ca t e  c o n s i d e r a b l y  l e s s  d a m p i n g  t han  the  f r e e - f l i g h t  
da ta .  The  p o r t i o n  of the  Ref.  12 da ta  band  wh ich  a p p e a r s  to a g r e e ,  in  
g e n e r a l ,  wi th  the  m a g n i t u d e  of the  f r e e - f l i g h t  da ta  in  the  f i g u r e  i s  f o r  an  
a p p r e c i a b l y  h i g h e r  o s c i l l a t i o n  f r e q u e n c y  than  tha t  c o r r e s p o n d i n g  to  the  
f r e e - f l i g h t  da ta .  On t h i s  b a s i s ,  the  f r e q u e n c y  e f fec t  i n d i c a t e d  in  the  da t a  
of Ref .  12 a p p e a r s  to be i n c o n s i s t e n t  wi th  the  r a n g e  and tunne l  f r e e -  
f l i gh t  m e a s u r e m e n t s .  

In F ig .  22, a c o m p a r i s o n  is  m a d e  of the  r a n g e  Cm~ da t a  and wind 
tunne l  da ta  ( involv ing  s t i n g - s u p p o r t e d  m o d e l s )  f o r  h igh  Mach  n u m b e r s  
ob ta ined  f r o m  d i f f e r e n t  f a c i l i t i e s  (Ref. 13 and AEDC (VKF) and L i n g -  
T e m c o - V o u g h t ,  D a l l a s ,  T e x a s ) .  The  s o l i d  c u r v e  in  F ig .  22 c o r r e -  
s p o n d s  to range_Cmc~ v a l u e s  ob ta ined  f r o m  the  c u r v e s  of F ig .  7 at  
5 = 5 deg.  T h e  6 of 5 deg i s  a r e a s o n a b l e  m e a n  va lue  of the  a m p l i t u d e  
band i nvo lved  in  the  d i f f e r e n t  s e t s  of da ta  shown in F ig .  22. The  r a n g e  
Cmc ~ c u r v e  (F ig .  22) i s  r e p r e s e n t a t i v e  of a R e y n o l d s  n u m b e r  c o m p a r -  
ab le  to the  d i f f e r e n t  s e t s  of wind tunne l  da t a  shown  in F ig .  22; h o w e v e r ,  
the  r a n g e  m e a s u r e m e n t  at M ~ 9 .6  and Re~ -- 4 . 8  x 106 shown  in  F ig .  22 
f a i l s  to  i nd i ca t e  any  s i g n i f i c a n t  e f f ec t  of R e y n o l d s  n u m b e r  on Cm~.  
F r o m  c o n s i d e r a t i o n s  of the n o s e  b l u n t n e s s  d i f f e r e n c e s  no ted  in  F i g .  22, 
the  tunne l  m e a s u r e m e n t s  would be e x p e c t e d  to  be h i g h e r  t h a n  the  r a n g e  
m e a s u r e m e n t s ;  h e n c e ,  the  l o w e r  Cm~ l e v e l  i n d i c a t e d  in  the  t unne l  m e a s -  
u r e m e n t s  at the  h i g h e r  Mach  n u m b e r s  i s  not  u n d e r s t o o d .  H o w e v e r ,  as  

13 
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ind ica ted  in Fig. 22, the r educed  f r equency  p a r a m e t e r ,  azl/2V, was 
h igher  in the t e s t s  co r r e spond ing  to the l ower  Cma va lues .  F u r t h e r ,  
the cause of the d i f fe rence  in the Cmc ~ m e a s u r e m e n t s  f r o m  the d i f fe ren t  
f ac i l i t i e s  at M -- 14.2 is not apparent .  

In Fig.  23, a c o m p a r i s o n  is made  of range  damping data  ( fa i red  
curve  r ep lo t t ed  f r o m  Fig. 4) and wind tunnel  damping data  fo r  high Mach 
n umber s  obtained f r o m  di f ferent  f ac i l i t i e s  (Refs. 12 through 14); the 
tunnel  t e s t s  involved s t i ng - suppo r t ed  mode l s .  Again,  the r ange  f r e e -  
f l ight  damping m e a s u r e m e n t s  a re ,  in gene ra l ,  h ighe r  than  the tunnel  
m e a s u r e m e n t s .  It should be noted that  Re~ was s i m i l a r  for  a l l  da ta  
shown and that  the pivot axis l oca t ion  in the tunnel  t e s t s  was always 
m o r e  fo rward  than the cg pos i t ion  of the models  involved in the range  
tes t s .  T h e r e  is cons ide rab le  sp read  in the f r equenc i e s  a s s o c i a t e d  with 
tunnel t e s t s ,  but t h e r e  is no cons i s t en t  f r equency  effect  obse rved  which 
could account  fo r  the l a r g e  d i f fe rence  ex is t ing  between the r ange  and 
tunnel  damping m e a s u r e m e n t s .  

SECTION Vl 
CONCLUDING REMARKS 

A f r e e - f l i g h t  r ange  inves t iga t ion  of the s t ab i l i ty  and drag  of a 10-deg 
s emiang le  cone was made  at Mach n u m b e r s  f r o m  6 to 16. The m e a s u r e -  
men t s  ind ica te  that  the damping of the cone i n c r e a s e s  app rec i ab ly  with 
i n c r e a s i n g  Mach number  between M = 8 and 16 at a Re~ of about 0 .4  x 106. 
Also,  Cma fo r  the cone d e c r e a s e s  s ign i f i can t ly  as the RN/R B r a t i o  is  
i n c r e a s e d  up to 0.1 for  ampl i tudes  g r e a t e r  than about 5 deg. 

C o m p a r i s o n s  of the r ange  s t ab i l i ty  da ta  with wind tunnel  data  involv-  
ing s t i ng - suppo r t ed  models  in d i f fe ren t  t e s t  f a c i l i t i e s  indica te  that  
app rec i ab l e  d i f fe rences  exis t  in the m e a s u r e m e n t s .  The cause  of the 
d i f f e rences  in the range  and tunnel  s t ab i l i ty  data noted in th is  pape r  is  
not comple te ly  unders tood.  It appea r s  that  tunnel  suppor t  ef fects  a r e  
one poss ib le  explana t ion  for  these  d i f f e rences .  
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Fig. 12 Variation of the Lift- and Normal-Force Derivatives with Amplitude (M ~ 6) 
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